INTRODUCTION
Nitroaromatic compounds are widely distributed in the environment because of their extensive use as pesticides, pharmaceuticals, dyes, plastics, explosives and solvents (Munnecke 1976; Hallas and Alexander 1983; Bruhn et al. 1987; Stevens et al. 1991; Spain 1995) .These compounds may then enter industrial waste streams where they have deleterious consequences. Nitroaromatics and products of their incomplete degradation have relatively high acute toxicity, and some may be potential carcinogens (Chapman and Hopper 1968; Bruhn et al. 1987) . Nitrophenols can also build up in the soil as a result of hydrolysis of several organophosphorous insecticides, such as parathion or methylparathion, or from the use of other nitrophenolic herbicides (Munnecke 1976; Stevens et al.1991; Spain1995) .
Bacteria have the ability to remove nitro groups from mononitrophenols, including p-nitrophenol (PNP) (Raymond and Alexander 1971; Spain et al. 1979; Zeyer and Kearney 1984; Suzuki et al. 1991; Jain et al. 1994; Spain 1995; Kadiyala and Spain 1998) . There are only two reports in the literature which detail the complete pathway for degradation of PNP, including the release of the nitro group. In the ¢rst report, PNP is converted to hydroquinone (HQ ) with simultaneous release of nitrite ions in a Moraxella sp. (Spain and Gibson 1991) ; HQ is then degraded via g-hydroxymuconic semialdehyde, maleylacetate and b-ketoadipate. In an alternative pathway, degradation of PNP occurs via the formation of 4 -nitrocatechol (NC) and 1,2,4 -benzenetriol (BT) by an Arthrobacter sp. ( Jain et al. 1994) . Prakash et al. (1996) also recently reported that PNP was degraded via HQ in Pseudomonas cepacia RKJ200, and the genes for the whole PNP degradative pathway are encoded on a transmissible plasmid. The present communication reports the degradation of NC, which is utilized as sole carbon, nitrogen and energy source by Burkholderia cepacia RKJ200 (earlier reported as Ps. cepacia). This demonstrates two major ¢nd-ings. Firstly, the genes for the whole NC degradative pathway are encoded on the same plasmid as for PNP degradation. Secondly, the pathway for NC degradation via BTand HQ formation has been elucidated.
MATERIALS AND METHODS

Chemicals
4 -Nitrocatechol, BT, p-benzoquinone (BQ ), HQ and 2,2 Hdipyridyl were purchased from Sigma. 2-Hydroxy-1,4 -benzoquinone (HBQ ) was prepared non-enzymatically using BTas substrate (Chapman and Ribbons1976; Armstrong et al. 1993) . All other chemicals used were of the highest purity available.
Bacterial strains and growth conditions
Burkholderia cepacia RKJ200 is the wild-type micro-organism used in this study, and derivation of its mitomycin C cured strain (PNP^), transconjugant (PNP ) and composition of the minimal medium (MM) have been described earlier . 4 -Nitrocatechol, BT and HQ were added as a ¢lter-sterilized solution to a ¢nal concentration of 0Á3^0Á4 mmol l À1 after autoclaving the medium. Growth on the above compounds in liquid cultures was monitored by measuring absorbance at 600 nm.Whenever needed, glucose (10 mmol l
À1
) was used to supplement the growth of the micro-organism.The crude and ultracentrifuged cell extracts for enzyme analysis and spectral analysis were prepared as described earlier (Rani et al.1996) .
4 -Nitrocatechol depletion assay (Hanne et al. 1993 ) and nitrite release assay (Litch¢eld 1968) were performed as described.
Respirometry
Oxygen uptake studies by whole cells were performed polarographically using an Orion 860 oxygen meter (Orion Research Inc., Boston, MA, USA). RKJ200 was grown to late log phase on NC and glucose, or glucose only. Cells were harvested from 200 ml cultures by centrifugation, washed with 100 ml of cold 10 mmol l À1 potassium phosphate bu¡er (pH 7Á0), and resuspended in the same bu¡er (0Á3 g cells ml À1 bu¡er) at 4 C. Reactions were carried out at 25 C in a total volume of 2 ml, which contained cells in phosphate bu¡er and 50 mmol l
À1
of substrate. The oxygen uptake studies using ultracentrifuged cell extracts were also performed polarographically as described earlier (Spain et al. 1979; Spain and Gibson 1991) . To assay NC oxygenase, reaction mixtures contained NC (50
) and various amount of protein in 10 mmol l À1 potassium phosphate bu¡er (pH 7Á0) in a ¢nal volume of 1ml; BToxygenase and HQ oxygenase did not require the addition of any co-factors and reactions were initiated by addition of the substrates. Speci¢c activities were expressed as mmol min À1 mg protein
.
Thin layer chromatography and gas chromatography
Thin layer chromatography (TLC) using pre-coated silica gel 60 F 254 plates (20 Â 20 cm, thickness 0Á25 mm; E. Merck, Darmstadt, Germany), and gas chromatography (GC) studies using a Hewlett-Packard 5890 series II GC (HewlettPackard, Avondale, USA) ¢tted with an HP-1 (cross-linked methyl silicone gum) capillary column (25 m Â 0Á22 mm), were performed essentially in the same manner as described earlier , except that the solvent system used to detect BT in the TLC studies consisted of benzene : dioxane : acetic acid (60 : 36 : 4) (Armstrong et al. 1993) . Authentic NC, BT, HQ and BQ (10 mg ml À1 solution in methanol) were also analysed for comparison studies in TLC and GC analyses.
Ultraviolet spectrophotometry and product analysis
For spectral analysis, activity of cell-free extracts against NC, BT, HBQ , BQ and HQ was measured by recording changes in the spectrum of the reaction solution in the range of 210^310 nm, using a Beckman DU-600 spectrophotometer (Beckman Instruments, Fullerton, USA). The volume of the reaction mixture was 1Á0 ml and contained 10 mmol potassium phosphate bu¡er (pH 7Á0), 50^100 ml freshly prepared cell-free extract (0Á3^0Á6 mg protein) and substrate (0Á1^0Á2 mmol l
À1
, ¢nal concentration). Protein estimation was performed by the method of Lowry (Lowry et al.1951) .
H-NMR analysis
For 1 H-NMR analysis, RKJ200 was grown in 500 ml MM using an appropriate compound as carbon source. Glucose was added as additional carbon source, and the ring cleavage was blocked by the addition of 2,2 H -dipyridyl in order to accumulate the intermediates in the reaction mixtures (Chapman and Hopper 1968; Spain and Gibson 1991; Hanne et al. 1993) . Following 24 h of growth, the supernatant £uids were extracted with an equal volume of ethyl acetate (neutral extraction); the pH of the aqueous phase was adjusted to 2Á0 with 5 N HCl and again extracted with ethyl acetate (acidic extraction). The combined extracts were evaporated to dryness using a rotary evaporator (Buchi, Switzerland) and taken up in 2% DMSO in CDCl 3 for 1 H-NMR analysis. The spectra of the samples were recorded using a Bruker 300 mHz spectrometer (Bruker, Switzerland).
GC±MS analysis
GC-MS analysis was carried out using a Shimadzu QP5000 GC-MS (Tokyo, Japan) equipped with a quadrupole mass ¢l-ter and a DB-1 (100 % dimethylpolysiloxane) capillary column (30 m Â 0Á25 mm), ionization of 70 eV, scan interval 1Á5 s and mass range 40^500.The oven parameter was 120 C for 5 min, with a 10 C min À1 increase to a ¢nal temperature of 200 C for 20 min; the injector temperature was kept at 200 C.
HPLC analysis
Quantitative analysis of intermediates in NC degradation was performed by HPLC studies. Burkholderia cepacia RKJ200 was harvested, during late log-phase growth, on MM supplemented with NC (0Á4 mmol l
À1
) and glucose (10 mmol l À1 ), and the washed, concentrated cell suspensions (optical density of 1Á5 at 600 nm) were incubated with NC or BT (0Á4 mmol l À1 each); 2, 2 H -dipyridyl was also added in order to detect accumulating intermediates from NC or BT, and glucose was added as the additional carbon source for growth. Aromatic compounds were analysed with a high-performance liquid chromatograph (Shimadzu-shim pack, CLC-M series; Shimadzu) equipped with a C 8 reversed phase column (5 mm; 250 Â 4Á6 mm). Acetonitrile-water containing 13Á5 mmol l À1 tri£uoroacetic acid (20 : 80) was the mobile phase at a £ow rate of 1ml min
. Compounds were identi¢ed and quanti¢ed by comparison of HPLC retention times and u.v.-visible spectra with those of standards. Nitrocatechol, BT and HQ concentrations were also calculated from their concentration curves.
RESULTS AND DISCUSSION
Growth on NC
Burkholderia cepacia RKJ200 encodes the genes for the whole PNP-degrading pathway on a plasmid of approximately 50 kb . Although RKJ200 was incapable of growth on NC at concentrations of 0Á5 mmol l À1 or above, light growth was observed on MM agar plates containing NC at a concentration of 0Á3^0Á4 mmol l
À1
. Following re-inoculation on these selective plates, it showed good growth but still failed to grow at concentrations above 0Á5 mmol l
. RKJ200 is capable of utilizing NC not only as the sole carbon and energy sources, but also as nitrogen source, as absence of a nitrogen source in the growth medium did not a¡ect its growth.The micro-organism released nitrite ions in the medium, suggesting the involvement of an initial oxidative step in the degradation of NC.When RKJ200 was grown in the presence of another nitrogen source (ammonium sulphate), a stoichiometric amount of nitrite was released into the medium concomitant with the degradation of NC (Fig.  1 ).
Respirometric studies with whole cells and cell extracts
Washed cell suspensions of RKJ200 grown on NC and glucose oxidized NC, BT and HQ rapidly (Table1a). Glucosegrown cells did not oxidize any of these substrates, indicating that the enzymes for NC degradation are inducible. Ultracentrifuged cell extracts were also used to determine enzyme activities. As shown in Table1b, extracts of cells grown on NC and glucose exhibited NC oxygenase activity in the presence of co-factors. Rapid oxygen uptake was also evident when BT and HQ were used as substrates, indicating a high inducible level of all these enzymes. There was no detectable oxygen consumption when only glucose-grown cell extracts were assayed against NC, BTand HQ.
Identification of BT and HQ as intermediates in NC degradation
TLC and GC analysis. RKJ200 has been shown to degrade PNP via the formation of HQ , and NC was not found to be involved in its degradation . In order to determine the NC degradative pathway, TLC and GC studies were initially carried out.TheTLC studies, following growth of RKJ200 on NC, indicated the presence of HQ (R f 0Á64), BT (R f 0Á41, in the solvent system benzene : dioxane : acetic acid) and NC (R f 0Á53) in samples drawn at 2, 4 and 8 h of growth. No intermediates were detected following 24 h of growth, suggesting the total degradation of NC. When TLC plates were sprayed with Folin-Ciocalteu's reagent, an immediate blue coloration was apparent in the case of suspected HQ spots; ortho or para diphenols give an immediate blue coloration whereas monophenols show up only after exposure to ammonia vapours ( Jones et al. 1995) . Both BT and HQ were detected when RKJ200 was grown on BT, whereas only HQ was present when grown on HQ. Following 48 h of growth on BTand HQ , no spots were detected, again suggesting the complete utilization of these compounds.The above suggested that BT and HQ may be the possible intermediates in NC degradation.
To further indicate the presence of BT and HQ in the degradation pathway, GC studies were performed using the samples processed forTLC studies indicated above. Based on comparison with the retention time of authentic compounds, the results were compatible with those of TLC analysis, i.e., HQ (2Á57 min), BT (3Á63 min) and NC (7Á50 min) were detected in NC-grown cells, HQ (2Á58 min) and BT (3Á63 min) were detected in BT-grown cells, and only HQ (2Á58 min) was detected in HQ-grown cells. These compounds were not detected when cells were grown for 48 h on NC, BTor HQ , indicating their complete degradation. The presence of BT and HQ was also con¢rmed by co-elution studies in GC analysis. Inhibition studies were also carried out using 2,2 H -dipyridyl, as the presence of this compound in the growth medium chelates ferrous ions required for the ring cleavage of some aromatic compounds (Chapman and Hopper 1968; Spain and Gibson 1991; Hanne et al. 1993) . When RKJ200 was grown on NC with glucose in the presence of 2,2 H -dipyridyl and samples were analysed byTLC and GC, there was accumulation of HQ even after 48 h of growth, suggesting the inhibition of the ring cleavage of HQ. H-NMR analysis, RKJ200 was grown on NC and glucose for 24 h in the presence of 2,2 Hdipyridyl, and the compounds present in the supernatant £uids were extracted and analysed. The presence of NC, BT and HQ in the biological sample was con¢rmed by analysis of its 1 H-NMR data, which showed the characteristic peaks (Table 2) , and they corresponded to the 1 H-NMR of the authentic compounds. Furthermore, the compound which had the same R f value as that of HQ was puri¢ed from the silica gel preparative layer chromatographic plate 60 F 254 , and the 1 H-NMR spectrum of this compound matched that of authentic HQ.
For GC^MS analysis, studies were performed following growth of RKJ200 on NC and glucose. Cell extracts were incubated with NC for 30 min and the intermediates were extracted with ethyl acetate and analysed. As shown inTable 2, NC, BTand HQ were detected in the sample, as determined by comparing their mass spectral properties with those of authentic compounds. Identification of HBQ and BQ as probable intermediates in the NC degradative pathway GC and spectral analysis. Following the con¢rmation of involvement of BT and HQ in the degradative pathway, attempts were made to determine the other intermediates in the pathway. It seemed possible that BT is converted into HQ via the formation of HBQ and/or BQ. This is based on the fact that BT can be auto-oxidized into HBQ (Chapman and Ribbons 1976; Armstrong et al. 1993) , HQ could be identi¢ed as an intermediate of the pathway, and the transformation of BQ to HQ is well reported in the literature (Spain and Gibson 1991; Spain 1995; Prakash et al. 1996) . Therefore, it was hypothesized that BT is converted into HBQ , which undergoes reductive dehydroxylation to form BQ , and is further converted into HQ by simple reduction. To test this hypothesis, GC, spectral scanning and GC^MS studies were performed. As HBQ and/or BQ could not be detected by TLC and GC analyses using whole cells, studies using cell extracts were performed following growth of RKJ200 on NC and glucose.The extracts were incubated with BT, which turned red, indicative of HBQ ( Jain et al. 1994) . The samples were then analysed by GC after 1Á5 h of incubation to check the degradation products; they showed the presence of BQ (2Á00 min) in addition to BT (3Á65 min) and HQ (2Á50 min), which suggested the conversion of BT to HQ via BQ (data not shown). The presence of BQ was also checked by co-elution studies. It was then checked whether HBQ is formed enzymatically from BT, which may subsequently be converted into BQ by a dehydroxylation step. As BT can also be converted non-enzymatically into HBQ as mentioned above, a time course experiment to di¡erentiate between the enzymatic and nonenzymatic conversion of BT into HBQ was carried out by spectral analysis, using cell extracts.This indicated that when cell extract was added to the reaction mixture containing BT (l max 286 nm), HBQ (l max 260 nm) appeared within 5 min of incubation, and HBQ and BQ (l max 240 nm) were accumulated within 10 min of incubation (Table 3) . However, there was no detectable non-enzymatic conversion of BT into HBQ up to 10 min of incubation, and approximately 120 min of incubation was needed to obtain HBQ in appreciable amounts (data not shown). The presence of HBQ , BQ and HQ was also con¢rmed by co-scanning studies using authentic compounds.This clearly showed that conversion of BT into BQ via HBQ involves an enzymatic reaction. The enzymatic conversion of BT into HBQ has also been reported recently in the case of resorcinol degradation by Azoarcus anaerobius (Philipp and Schink1998) . In our case, the identity of HBQ and BQ was also con¢rmed by reducing them with the addition of an equimolar concentration of sodium dithionite (Gorontzy et al. 1993; Hanne et al. 1993; Jain et al. 1994) . Following the addition of sodium dithionite in the sample containing BQ and HBQ , the l max shifted to 288^290 nm, which could be due to the formation of HQ (l max 289 nm) and BT (l max 286 nm). This was again checked by GC studies on these samples, which showed the presence of HQ and BT, respectively. These results clearly indicated the formation of HBQ and BQ in the NC degradation pathway.
Spectral analysis with cell extracts of RKJ200 was also carried out by incubating them with HBQ , BQ or HQ separately, and analysing for product(s) from these substrates; these results are shown in Table 3 . Based on the absorption maxima (l max ) of di¡erent products, it was indicated that BQ is formed from HBQ , and HQ from BQ. g-Hydroxymuconic semialdehyde was formed from HQ , indicating its ring ¢s-sion.The presence of HBQ , BQ and HQ was also con¢rmed by co-scanning studies using authentic compounds. Extracts from cells grown on NC gave a positive Rothera test (Holding and Collee 1971) with NC, BT, HBQ , BQ and HQ , indicating subsequent formation of b-ketoadipate.
GC±MS analysis. Further identi¢cation of HBQ and BQ in NC degradation was indicated by GC^MS studies. Cell extracts were incubated with NC for 30 min and the intermediates were extracted and analysed. BQ was detected in NC-grown culture by comparing the retention time and fragmentation pattern of authentic BQ ( Table 2 ). The other peak (Philipp and Schink 1998; Zaborina et al. 1998) . The unprecedented step of the NC degradative pathway in RKJ200 seems to be the reductive dehydroxylation of HBQ into BQ , which is further reduced to form HQ. Reductive dehydroxylation is a common reaction in the case of anaerobic metabolism of aromatic compounds by di¡erent denitrifying/phototrophic bacteria, such as Thauera aromatica and Rhodopseudomonas palustris (Heider and Fuchs1997) . In anaerobic degradation of phenol, p-cresol and 4 -hydroxybenzoate, the conversion of 4 -hydroxybenzyoyl-CoA into benzoylCoA is an example of reductive dehydroxylation, which requires an electron donor (Kasmi et al. 1995; Heider and Fuchs 1997) . In the present study, using ultracentrifuged cell extracts of RKJ200, NADPH was required for the transformation of HBQ into BQ and BQ into HQ ; crude cell extracts, however, could carry out the above reaction without the addition of any external NADPH. Therefore, it appears that NADPH acts as electron donor for the above reaction to occur. Although benzoyl-CoA reductase is an oxygen-sensitive enzyme (Harwood and Gibson 1997) , the nature of the enzyme responsible for conversion of HBQ into BQ , and BQ into HQ , in RKJ200 is still not known. Further work on enzyme puri¢cation of the above reaction would be required to determine their mode of action in greater detail.
Quantification of intermediates in NC degradation
In order to determine the stoichiometry and rate of conversion of NC into BTand HQ and BT into HQ , quanti¢cation of these intermediates was carried out by HPLC studies.The concentrated cell suspensions were incubated with NC (0Á40 mmol l
À1
) and BT (0Á40 mmol l À1 ), separately, in the presence and absence of 2,2 H -dipyridyl, a ring cleavage inhibitor (see MATERIALS and METHODS). In the case of NC, after 2 h of incubation, three compounds were detected: 0Á30 mmol l À1 NC (12Á5 min), 0Á03 mmol l À1 BT (3Á7 min) and 0Á03 HQ (4Á4 min) (Figs 2a and 3) . After 4 h of incubation, 0Á16 mmol l À1 NC, 0Á08 mmol l À1 BTand 0Á10 mmol l À1 HQ were present in the medium (Figs 2b and 3) and after 6 h of incubation, 0Á10 mmol l À1 NC, 0Á06 mmol l À1 BTand 0Á20 mmol l À1 HQ , respectively, were accumulated in the medium (Figs 2c and  3) . These results therefore indicated the near stoichiometric conversion of NC into BTand HQ. However, when the same studies were carried out without 2,2 H -dipyridyl, as expected, the stoichiometric conversion of NC into BTand HQ was not apparent and maximum accumulation of HQ (0Á15 mmol l À1 ) was exhibited at 4 h of growth, after which the concentration started to decline (Fig. 3) . There was complete utilization of all these compounds after 10 h of incubation (data not shown). Similarly, concentrated cell suspensions were also incubated with BT (0Á4 mmol l
) and product(s) analysed by HPLC. It could be concluded that when 2,2 H -dipyridyl was incorporated into the growth medium, HQ accumulated (0Á3 mmol l
) from BT after 6 h of growth (Fig. 4) . However, in the absence of 2,2 H -dipyridyl, BT was completely depleted after 4 h, forming HQ (0Á2 mmol l À1 ), which was completely utilized after 8 h (Fig. 4) . It may be mentioned here that no attempt was made to quantify HBQ and BQ formation by HPLC studies as it was observed that these compounds remain undetectable in whole-cell studies by TLC, GC and 1 H-NMR (see above). As these compounds are unstable and highly reactive (Armstrong et al. 1993; Spain 1995; Prakash et al. 1996) , they may be taken up inside the cell as soon as they are formed to prevent their coupling reactions. The presence of these compounds in degradative pathways is circumstantial (Spain et al. 1979; Spain and Gibson 1991; Spain 1995; Prakash et al. 1996) , but HBQ and BQ could be identi¢ed in the degradative pathway of NC by u.v. spectrophotometry, GC and GC^MS studies when cell extracts of B. cepacia RKJ200 were used (see above). This again indicates that the enzymatic transformation of HBQ and BQ is intracellular in B. cepacia RKJ200.
Based on TLC, GC, 1 H-NMR, GC^MS, u.v. spectrophotometry and quanti¢cation of intermediates by HPLC, a novel pathway is proposed for the degradation of NC via HQ formation, which is outlined in Fig. 5 . The ¢rst step involves the conversion of NC into BT as described earlier in an Arthrobacter sp. ( Jain et al. 1994) . The BT is then converted into HQ , via the probable formation of HBQ and BQ , and is further degraded via g-hydroxymuconic semialdehyde and bketoadipate as intermediates.
Identification of location of genes for NC degradation
As the genes for PNP degradation are encoded on a transmissible plasmid in RKJ200 , attempts were made to determine whether the above plasmid has an involvement in NC degradation.The mitomycin C cured PNP^NCd erivative of RKJ200, and the PNP NC transconjugant in Ps. putida PaW340 (DSM 2112; Prakash et al.1996) , were analysed. The PNP^NC^derivative was unable to utilize NC, BTand HQ. TheTLC, GC and spectral analysis showed that no degradation of NC occurred, except for the non-enzymatic conversion of BT into HBQ (spectral analysis). The PNP NC transconjugant was capable of utilizing NC, BT and HQ as sole carbon, nitrogen and energy sources. The TLC, GC and spectral analysis were performed on the transconjugant as described above, and the results obtained were comparable with those obtained with RKJ200 (data not shown). No degradation of NC occurred when the recipient strain of the transconjugant, Ps. putida PaW340, was analysed byTLC, GC and spectral studies.This clearly shows the plasmid nature of the genes encoding NC degradation.
The results presented above demonstrate that the genes for the whole NC degradative pathway are encoded on the same plasmid as for PNPdegradation in RKJ200. As HQ is an intermediate in PNP and NC degradation, and is metabolized by the same pathway in both cases, it is likely that the same set of genes encodes the further metabolism of HQ via the b-ketoadipate pathway (Fig. 5) . As far as is known, this is the ¢rst such report. Whether the genes for conversion of PNP to HQ and NC to HQ are contiguous or not is the subject of future investigation, and cloning of the genes for NC degradation is currently in progress. NIPER, SAS Nagar for carrying out the GC-MS analyses; and to Mr Vikas Grover, NIPER, SAS Nagar, for carrying out the HPLC analyses. The technical assistance provided by Mr Dhan Prakash during the course of this study was highly appreciated. A.C. and S.K.S. acknowledge a Senior Research Fellowship awarded by the CSIR, Government of India.
